Sánchez Tovar, R.; Leiva García, R.; García Antón, J. (2015). Characterization of thermal oxide films formed on a duplex stainless steel by means of confocal-Raman microscopy and electrochemical techniques. Thin Solid Films. 576:1-10. doi:10.1016/j.tsf.2014.12.024. Regarding the electrochemical properties of these films, the corrosion resistance of the film tends to be lower with the heat treatment temperature, probably due to a more porous and heterogeneous scale. Mott Schottky plots show the n-type semiconductive behaviour of the films with donor densities that decrease with the enhancement of the temperature.
Introduction
Duplex stainless steels (DSSs) are balanced with two phases, ferrite and austenite. DSSs are increasingly used because of their outstanding properties [1, 2] . For example, DSS high-mechanical strength, resulting from the balance of the duplex phases, allows its use in light-weight components, or DSS high resistance to both general and localised corrosion (especially to pitting and crevice corrosion in chloride-containing media) due to high chromium and molybdenum contents. Therefore, the attractive combination of high strength, wide range of corrosion resistance, moderate weldability would seem to offer great potential for use of DSS in the industry, some of the main applications are: pulp and paper industry, desalination plants, cargo tanks and pipe systems in chemical tankers, seawater systems, firewalls and blast walls on offshore platforms, bridges, pressure vessels and heat exchangers. This means that the DSS can be found in many different shapes depending on the application, so, it can be machined by means of different procedures, some of them being done in hot working operations in oxidising environments.
High temperature oxidation of austenitic and ferritic stainless steels has been widely investigated [3] [4] [5] [6] [7] . However, only a few papers have studied the oxidation of DSSs [8, 9] . After casting, DSSs are subjected to different heat treatments in order to facilitate subsequent hot forming. Oxide films grow on the top of the free surfaces of DSSs during heating operations such as hot rolling or other hot working operations. In these operations, steels can be heated during a few hours in an oxidizing atmosphere in a wide range of temperatures arriving at temperatures above 1000 ºC. Therefore, the resulting oxide should be completely removed after the hot working operations to avoid detrimental effects on the final product [10] [11] [12] . One improper sequence of heating or cooling during the hot working operations can lead to an increase in these detrimental 3 effects because the resulting oxide films and chromium depleted layers greatly affect the corrosion resistance or the surface of the end product [13] .
Therefore, the aim of the present work was to study the different phases of oxide growth on a DSS with temperature in the presence of air by means of high temperature confocal microscopy and Raman spectroscopy. Weight loss measurements were performed to quantify the amount of oxide deposition. Additionally, the electrochemical properties of the oxide film were studied by means of electrochemical methods, such as potentiodynamic curves, electrochemical impedance spectroscopy (EIS) and capacitance measurements.
Experimental procedure

Materials
The material used was a DSS, Alloy 900 (UNS 1.4462), the composition in weight is:
22.34 % Cr, 4.85 % Ni, 1.59 % Mn, 0.35 % Si, 2.69% Mo, 0.13 % Cu, 67.80 % Fe, 0.02 % P, 0.03 % C, 0.20 % N, and 0.01 % Ti. The electrodes of Alloy 900 were machined and cylindrically shaped (5 mm in diameter, 5 mm in thickness).
In-situ Heat Treatments
Before the heat treatments, the samples were wet abraded with silicon carbide paper up to #4000, polished with alumina of 1 micron, rinsed with water and ethanol, and dried with hot air. Then, the samples were put in the crucible on the -Linkam‖ heating stage.
Prior to heating, an air flow passed through the heating stage for 30 minutes in order to create an oxidising atmosphere; during the tests the air stream was maintained. Then, a heating ramp was programmed from 25 ºC to 700 ºC, 800 ºC and 900 ºC, respectively; 4 these temperatures were maintained for 2 hours and images of the surface evolution were recorded on-line using a laser scanning confocal microscope -Olympus LEXT 3100‖. The mass of all specimens before and after oxidation was measured using an analytical balance -Mettler Toledo XP 56‖. After that, in order to identify the oxides formed during heating, the materials were examined by Raman spectroscopy (Witec Raman microscope, ALPHA300 M+) after the heat treatments. Excitation was provided by a He-Ne high power laser (632 nm) and a long distance objective at 500x was used for in situ measurements. Laser power was 0.5 mW. Detection was achieved with a cooled charge coupled device (CCD) detector. Acquisition and basic treatment of spectra were performed with WITec Control software. Finally, the morphological changes in the microstructure were analysed using scanning electron microscopy operated at 10 kV (SEM, JEOL JSM6300) and backscattered electrons (BSE).
Electrochemical tests
The electrochemical measurements were conducted in a 1 mM NaCl solution using an Autolab PGSTAT302N potentiostat. The reason for using this solution is to obtain results which can be comparable with the characterisation of the formed oxide scales with electrochemical localised techniques, which will be addressed in future papers; these localised techniques (Scanning vibrating electrode or scanning electrochemical microscopy) require diluted solutions to increase the spatial resolution. A silver/silver chloride (Ag/AgCl, 3 M KCl) and a platinum wire electrode served as the reference and counter electrodes, respectively. Polarisation curves of Alloy 900 were performed at the different temperatures. Polarisation tests began at a potential value of -50 mV Ag/AgCl with respect to the open circuit potential (OCP) and the potential was subsequently scanned anodically to 1.5 V Ag/AgCl at a scanning rate of 0.5 mV/s.
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EIS experiments were conducted over a frequency range from 100 kHz to 10 mHz with a 10 mV (peak to peak) signal amplitude. Mott-Schottky plots were subsequently obtained by sweeping the potential from 0.5 V Ag/AgCl in the negative direction with potential steps of 100 mV with an amplitude signal of 10 mV. A high scanning rate was used to avoid electroreduction of the film and changes in film thickness during the measurements. At a sufficiently high scanning rate, the defect structure within the film is -frozen-in‖, which avoids the defect density from being affected by potential [14] [15] [16] .
A value of 5 kHz has been used in this work to eliminate capacitance dependence on frequency since tests performed on the system used demonstrated that the capacitance becomes almost independent of frequency at approximately 5 kHz.
Results and discussion
In-situ heat treatments
Figures 1 to 3 show images of Alloy 900 surface at different stages of the heat treatment at 700 ºC, 800 ºC and 900 ºC, respectively. During all heating ramps (between 25 ºC and 700 ºC), the oxidation of the specimen was imperceptible below 300 ºC (Figures 1a-b, 2a-b and 3 a-b) . From this temperature up, the ferrite phase began to oxidise, presenting a brownish colour above 450 ºC (Figures 1c, 2c and 3c) .
When increasing temperature up to 600 ºC, the ferrite phase completely oxidised and the austenite phase began to oxidise (Figures 1d, 2d and 3d) . Therefore, in steels with two phases, surface oxidation is sequential, taking place first in one of the phases and then in the other.
During isothermal heating at 700 ºC (Figures 1f to 1l) , the two phases continued oxidising, the growth of the oxide scale and the change in the products produce 6 differences in colour between the two phases, red brown for ferrite and blue for austenite. These differences in colour of the scales, depending on the nature of the phase may be due to the fact that the oxide scale grows greater in the austenitic phase than in the ferritic phase.
Regarding the heat treatments at 800 ºC, two steps can be pointed out, namely the heating ramp between 700 ºC and 800 ºC and isothermal heating at 800 ºC during 2 hours. In the first step (Figures 2e and 2f ) both phases remain darkening as a consequence of the oxidation process. By contrast, during the first ten minutes of isothermal heating (Figures 2f and 2g ) the ferrite becomes dark reddish-brown and the austenite dark green. After that (Figures 2h to 2l) , the amount of ferrite decreases and the colour of most of the sample becomes bright blue. This decrease in ferrite oxides can be related with the drop in the ferrite phase as a consequence of the formation of new intemetallic phases [17] [18] [19] .
Finally, at times beyond one hour of heat treatment, the formation of nodules could be observed at 900 ºC, this formation being greater with the extension of the oxidation time. One of the consequences of the presence of nodules was irregular thickness of the oxide film [9] . This morphology presented more defects, which may increase susceptibility to corrosion. The formation of nodules at this temperature was due to the breakaway oxidation of the Cr-depleted layer when the external oxide scale was broken, the thickness of the oxide becoming irregular. Oxide scales enriched in iron and depleted in chromium are brittle and tend to break under thermal stress [7, 20] .
According to the literature the formation of nodules is greater on the austenite phase [9] .
The chromium content in ferrite is higher than in austenite, so a thin and dense chromium oxide-enriched film preferentially forms in ferrite and this film prevents the underlying metal from further oxidation. On the other hand, the chromium content in 7 austenite is comparatively lower; the produced scale is thicker and less protective for the underlying metal. As a result oxidation takes place and the nodules appear [9] . Figure 4 shows the weight gain per unit of area of Alloy 900 oxidised in air at different temperatures. It can be observed that the weight gain was doubled with the increase in heating temperature. Therefore, oxide growth is strongly dependent on temperature. On the other hand, all the observed scales formed at all the temperatures adhered to the steel.
Mass gain tests
Raman spectroscopy analysis
The oxide scales formed on DSSs can be classified into external and internal oxide scales. The former is composed of the same phases, Fe 3 O 4 , Fe 2 O 3 and (Fe,Cr) 3 O 4 , whereas the latter is richer in chromium oxides [9] . Figure 5 shows the Raman spectra obtained by spotting a laser beam at these regions on the oxide film produced on Alloy 900 heated at 700 ºC, 800 ºC and 900 ºC in air during 120 minutes. The different colours observed on these regions are related to the oxides present on Alloy 900 phases and their concentration.
Two areas were clearly observed in Alloy 900 heated for 2 hours at 700 ºC, corresponding to the two phases presented on the Alloy: ferrite and austenite. In this case, the orange colour is associated with the ferrite phase and the blue one with austenite. Figure 5a shows the spectrum obtained in the orange area, where three strong peaks, located at 540, 650 and 680 cm -1 , respectively can be observed. According to the two last peaks the iron oxides on the orange region can be identified as a mixture of γ-Fe 2 O 3 and Fe 3 O 4 [21, 22] , whereas the peak at 540 cm -1 may correspond to the chromium oxides [23] . On the other hand, the spectrum on the blue area (Figure 5b ) 8 presents two strong peaks at 560 and 680 cm -1 , which are related with magnetite (Fe 3 O 4 ) [24] and one peak at 645 cm -1 , which could be related to the presence of γ-Fe 2 O 3 [21] ; no peaks related with chromium compounds are observed.
Two different spectra can also be identified in the samples heated at 800 ºC. The first spectrum (Figure 5c ) was obtained spotting the laser on the blue area (ferrite phase in this case), giving three clear peaks at 540, 650 and 680 cm -1 . According to the literature [25, 26] these peaks indicate the presence of iron and chromium oxides. On the other hand, the spectrum on the dark phase (Figure 5d ), which can be identified as austenite, presents two strong peaks at 560 and 680 cm -1 associated with the presence of magnetite [24] and one peak at 645 cm -1 related to the presence of γ-Fe 2 O 3 [21] . Additionally, there are two peaks at 350 and 540 cm -1 which could be related with Cr 2 O 3 [27] ;
however the intensity of these peaks is low compared with the intensity of the peaks related to magnetite.
Finally, only one spectrum was observed after spotting the laser on different points of the sample heated at 900 ºC ( Figure 5e ). Strong peaks can be observed at 560 and 680 cm -1 , which are related to the presence of magnetite [24] and one peak at 645 cm -1 which could be related with the presence of γ-Fe 2 O 3 [21] . Again, two additional peaks can be observed at 350 and 540 cm -1 which are related with Cr 2 O 3 [27] .
Despite the fact that chromium oxides can be detected in the scale formed on the austenite phase at 800 ºC and on the oxide scale formed over the entire surface at 900 ºC, the relative intensity of the peaks compared with the intensity of the magnetite peaks is low. Then, the content of magnetite may be comparatively higher than the content of
Therefore, the presence of Fe 3 O 4 increases with temperature in the oxides formed on the Alloy 900 surface. The increase in the oxidation temperature results in an increase of iron oxides on the surface [9] . Furthermore, the presence of chromium oxides is better observed in the ferrite than in the austenite phase.
SEM analysis
SEM images of the morphology of the samples using BSE were obtained in order to establish the percentage of the different phases in the steel after the heat treatments. precipitates increase with increasing temperature and time. For the Alloy heat-treated at 800 ºC, the fraction of the sigma phase is significantly increased due to the decomposition of the ferrite phase into sigma and secondary austenite phases [11] [12] [13] .
This decrease is coincident with the behaviour observed in the in-situ images obtained at 800 ºC where, a decrease in the percentage of the ferrite phase was observed.
Electrochemical measurements
3.5.1. Polarisation curves Figure 7 shows the potentiodynamic polarisation curves of Alloy 900 after the different heat treatments. It is noteworthy that the heating treatment hinders passivation; i.e., the existence of the passive region diminishes with temperature and disappears at 900 ºC.
Therefore, according to the polarisation curves the heat treatments modify the film formed on the Alloy surface, generating a less protective film from the corrosion point of view.
EIS measurements
In order to analyse the changes caused by the heat treatment on the films formed on the Alloy 900 samples, EIS were performed at OCP. This behaviour is consistent with a loss of protection against corrosion as temperature increases during heat treatment. Bode-phase plot depicts two time constants, at highand low-frequencies. This feature is often considered as the response of a non-homogeneous film composed of a compact inner layer, known as barrier layer, and a less compact (porous) outer layer. For stainless steels, such as Alloy 900 it is generally accepted that the inner layer is mainly composed of chromium and iron oxides, the former being the major contributor to passivation. The outer layer is assumed to be composed of iron oxides and hydroxides [28, 29] .
The stability of the system is crucial for the validity of EIS measurements. KramersKronig (K-K) transforms can be used as an independent validity check of the impedance data (that is, compliance of the system with the constraints of the Linear Systems Theory (LST)) [30] [31] [32] . K-K transforms have been applied to the experimental impedance data by transforming the real axis into the imaginary axis and the imaginary 11 axis into the real axis and then comparing the transformed quantities to their respective experimental data. As an example, typical K-K transforms of the impedance data obtained in the sample heated at 700 ºC are displayed in Figure 9 . Figure 9 shows similar results to those obtained between the experimental points and the corresponding K-K transforms, confirming the compliance of the system with the LST. Figure 10 shows the equivalent electric circuit used to interpret EIS spectra of the films formed on the Alloy 900 samples. This equivalent circuit has been usually employed to interpret EIS spectra of passive films having a two-layer structure [33] [34] [35] , which is the case of Alloy 900. In the proposed model, R S corresponds to the resistance of the electrolyte, and R 1 , CPE 1 and R 2 , CPE 2 to the resistance and capacitance of the outer porous layer and the inner barrier layer, respectively. The sum of R 1 +R 2 is defined as the polarisation resistance, R p , and is related to the corrosion resistance of the metal.
A constant-phase element (CPE) representing a shift from the ideal capacitor behaviour was used instead of the capacitance itself. CPEs are used to model frequency dispersion behaviour corresponding to different physical phenomena such as surface heterogeneity resulting from surface roughness, impurities, dislocations, formation of porous layers, and so on [35] [36] [37] . The impedance of a CPE is defined as:
where , defined as a CPE power, lies between -1 and 1. When  = 1 the CPE describes an ideal capacitor; for  = 0 the CPE is an ideal resistor; for = 0.5 the CPE represents a Warburg diffusional impedance and for 0.5 <  < 1 the CPE describes a frequency dispersion of time constants due to local heterogeneities in the dielectric material. A pure inductance yields  = -1.
Additionally, the CPE of each subcircuit has been converted into a pure capacitance (C) using equations 2 [38, 39] and 3 [40, 41] .
where Q = Z CPE (Equation (1)). Resistance at very high frequencies corresponds to the uncompensated resistance of the solution, which, according to Table 1 , remains almost constant in all tests. In fact, at high frequencies (10 4 -10 5 Hz), the absolute impedance curve is almost independent of frequency with a phase angle of 0°, indicating that R s is almost constant (R s ≅1 kΩ·cm 2 ). Table 1 also shows R 1 , which strongly depends on the existence of pores or defects into which the electrolyte can penetrate; thus, R 1 provides a sensitive indication of the appearance of defects in the passive film. R 1 values are very low and close to R s , indicating that R 1 might correspond approximately to the resistance of the electrolyte inside the pores [28] . However, the value of R 1 for the sample heated at 900 ºC is significantly higher than the resistances of the other electrodes. This could be related with the great amount of iron oxides formed on the Alloy surface during the heat treatment (see Figures 3, 4 and 5) . In fact, Raman spectrum of the scales formed at 900 ºC showed the highest Fe 3 O 4 amount (Figure 5) . Nevertheless, the value of  1 for this 13 case is the lowest (0.42) and indicates that, in spite of having a low C 1 (0.28 F cm -2 ), diffusion processes and the number of defects are enhanced. Furthermore, the presence of nodules at 900 ºC might also increase the number of defects on the Alloy surface (Figure 3) . On the other hand,  1 values decrease with temperature, which confirms that temperature produces defects and pores on the formed films [42] . The evolution observed in  1 suggests that the film becomes more defective as temperature increases.
Pan [28] has associated this tendency with the formation of a more porous film that generates a larger effective area and thus, lower capacitance values are determined as temperature increases.
As regards the parameters of the inner oxide film, Table 1 shows that both  2 and R 2 decrease with temperature, indicating that temperature modifies the films formed on the Alloy, decreasing their corrosion resistance and increasing the number of defects.
Additionally, the lowest C 2 values are obtained at the lowest temperatures.
The electrical parameters obtained reveal that R 2 is significantly greater than the values associated with R 1 , which indicates that the protection provided by the passive film was predominantly due to the barrier layer [28, 43] .
Polarisation resistances follow the same tendency as the resistance of the inner layer, i.e.
they decrease with temperature. Therefore, temperature affects the thin chromium oxide layer with high passive characteristics. In this way, the lowest R p values correspond to
Alloy 900 heated at 900 ºC. This is in agreement with the higher austenite content in this sample (Figure 3) , since austenite is the phase with a lower chromium content compared to ferrite and this fact could explain the worse corrosion behaviour of the samples heated at 900 ºC. 
Capacitance measurements
The electrochemical capacitance of the passive film/electrolyte interface was measured as a function of the applied potential to assess the semiconducting properties of the films formed on Alloy 900. Since the space charge region developed in the passive film and the Helmholtz layer can be considered as two capacitors in series, the measured capacitance of the film/electrolyte interface can be expressed as [44] :
where C SC is the capacitance of the space charge layer and C H the capacitance of the Helmholtz layer.
It is generally accepted that the capacitance of the space charge layer is very small compared with that of the Helmholtz layer and the measured interfacial capacitance can be regarded as that of the space charge layer when the potential perturbations are applied with a sufficiently high frequency [45, 46] . However, several studies [47, 48] have shown that a significant part of the potential difference at the semiconductor/electrolyte interface extends to the Helmholtz layer in the solution.
Therefore, C H should not be neglected. In this way, the space charge capacitance of pand n-type semiconductors is given by Equations 5 and 6, respectively [44, 47, 49] .
where ε is the dielectric constant of the passive film (a value of 15.6 has been assumed for the chromium and iron oxides formed on stainless steels [49, 50] and Raman spectroscopy analysis) and an inner layer containing chromium oxides.
Region II is characterised by a decrease in the Mott-Schottky plots. This feature has been usually explained in terms of a strong dependence of Faradaic current on potential in the transpassive region. In this region, a modification in the electronic properties of the passive film from n-type to p-type semiconductivity is related to an increase in the conductivity of the film due to the solid state oxidation of Cr (III) to Cr (VI) and the change in semiconductivity behaviour can be explained by the generation of cation vacancies (electronic acceptors and p-type dopants) at the film/solution interface [52] [53] [54] [55] . This is consistent with the polarisation curves, in which the transpassive region of the heated samples was close to 0.5 V Ag/AgCl .
From the positive slopes of the linear zones in Figure 11 , N D can be calculated for ntype semiconductors using Equation 5. For stainless steels, possible donors in the oxide structure are mainly cation interstitials, such as Fe 2+ metal ions, and oxygen vacancies [46, 56, 57] . values when the temperature of film formation increased [60] . As magnetite is a mixture of Fe 2 O 3 and FeO, its stoichiometry can vary from 0 to 0.5; then, the observed behaviour with temperature might be related to the formation of magnetite with a stoichiometry (x = Fe 2+ /Fe 3+ ) closer to 0 than to 0.5 when the samples are heated at 900
ºC [61] . Several authors have also suggested that small changes in stoichiometry modify magnetite conductivity by several orders of magnitude and influence redox reactivity [62] [63] [64] . Therefore, when samples are heated at 900 ºC, the magnetite (which is the main oxide on the steel surface) oxidises, decreasing the percentage of Fe 2+ and the number of donors. However, this fact does not mean that the number of defects in the passive film formed at 900 ºC decreases. Contrarily, as oxygen vacancies may be assumed as electron donors [65, 66] , a decrease in N D for the films formed at 900 ºC might be related to two factors: first, an increase in the thickness of the formed oxide film, corroborated by the high C 1 and R 1 values (Table 1 ) and the higher mass gain (Figure 5) , and second, the oxidation of the magnetite, which changes the conductive properties of the oxides. In fact, the presence of donor vacancies prevents migration of cations from the substrate metal and penetration of harmful anions, such as Cl -, from the electrolyte, thereby improving corrosion resistance [44, 67, 68] .
Conclusions
During the heat treatments, DSS is oxidised in a sequential way, first the ferrite and then the austenite phase, as a consequence of differences in their chemical composition. The oxides formed on the outer scale of the studied DSSs are mainly γ-Fe 2 O 3 and Fe 3 O 4 , the percentage of the latter increasing with temperature. The presence of chromium oxides is more noticeable in the ferrite than in the austenite phase, but the formation of nodules at 900 ºC, which are related to the breakaway oxidation of the chromium depleted layer, is greater in the austenite phase.
The corrosion resistance properties of the films decrease with the heating temperature affecting the normal passivation properties of DSS in the presence of an electrolyte. The heat treatment increases the resistance and thickness of the oxide layer but also the number of defects and pores. Therefore, if the removal of the oxide film is not properly done on the entire surface after the hot work procedure, the risk of localised corrosion on service will increase. 
